Size effect on the fundamental properties of Sn 2 P 2 S 6 ferroelectric is studied. The decrease of Raman peak frequency, accompanied by the band broadening and asymmetry, is observed in the spectra of microcrystalline Sn 2 P 2 S 6 powder. Theoretical calculations, performed in the ANNNI model for Sn 2 P 2 S 6 microcrystals of different size, predict the decrease of the ferroelectric phase transition temperature with the decrease of the microcrystal size parameter.
Introduction
Changes of ferroelectric phase transition (PT) parameters with the sample size decrease from bulk to microcrystals have been reported for oxygen-containing ferroelectrics PbTiO 3 [1, 2] , NaNO 2 [3] , KH 2 PO 4 [3] , BaTiO 3 [4] . Tin hexathiohypodiphosphate Sn 2 P 2 S 6 is a model ferroelectric crystal, where at 337 K a second-order structural phase transition P2 1 /c ⇒ Pc occurs [5] . For Sn 2 P 2 S 6 microcrystal-based ceramics, the PT temperature was observed to decrease with respect to that of the bulk sample [6] . Therefore, it seemed interesting to perform experimental studies of Raman scattering in microcrystalline Sn 2 P 2 S 6 as well as theoretical simulation of the size effect on the PT parameters.
Size effect in Raman scattering spectra
The objects of our study were Sn 2 P 2 S 6 microcrystals with average size of 10 µm, obtained by milling the single crystals, grown by chemical vapour method. Both powder samples as well as Sn 2 P 2 S 6 ceramics, fabricated from these microcrystals with a technique similar to that of [6] , were used for Raman measurements. The spectra were recorded on a LOMO DFS-24 double grating monochromator at room temperature, the excitation being provided by He-Ne laser (632.8 nm).
Sn 2 P 2 S 6 is known to possess a rich phonon spectrum, reported in detail in [7] . We focus our attention on one of the most pronounced Raman peaks, corresponding to the vibration of P-P bonds, linking two pyramid-shaped PS 3 structural groups, whose frequency at room temperature is 381.4 cm −1 for bulk single crystals. As it is seen in figure 1, in powdered microcrystalline Sn 2 P 2 S 6 the peak frequency shifts down to 380.2 cm −1 , which is accompanied by the band broadening (from 6 to 8 cm −1 FWHM) and asymmetry. Note that in Sn 2 P 2 S 6 ceramics, the peak position frequency practically does not decrease (381.3 cm −1 ) and no band broadening is observed ( figure 1c ). Temperature dependences of the dielectric constant at different frequencies for Sn 2 P 2 S 6 crystal (a) and ceramics (b) [6] .
Similar features (Raman peak frequency decrease, broadening and asymmetry, which are generally more pronounced at the crystal size decrease) have been observed earlier for the Raman spectra of microcrystalline Si, III-V and II-VI semiconductors [8] [9] [10] where they are explained by two main factors: (i) confinement-related selection rules relaxation and contribution of q = 0 phonons due to the small crystallite size and (ii) surface phonon modes whose role in the Raman spectrum increases in microcrystals due to much higher surface-to-volume ratio.
Since in our case, contrary to some other Raman bands in Sn 2 P 2 S 6 [11] , the P-P bond vibration frequency remains practically unchanged across the Brillouin zone [12] , the contribution of the confinement-related factor can be neglected and the experimentally observed features can be attributed to surface effects. Hence, the experimental spectra can be simulated by a superimposition of two Lorentzian contours (dashed line), corresponding to the bulk and surface phonons whose frequencies are 380.8 and 377.0 cm −1 with the bandwidths 7.5 and 12 cm −1 , respectively (figure 1b). As concerns the Sn 2 P 2 S 6 ceramics (figure 1c), the role of surface phonons here is obviously much smaller, which is probably related to the features of dynamics at the interfaces between the microcrystalline grains in the ceramic sample.
The temperature dependence of the relative dielectric constant for Sn 2 P 2 S 6 single crystal (figure 2) has, at the second order phase transition close to 337 K, a sharp anomaly, with the value in the maximum close to 9 × 10
4 . The ceramic sample shows a broad anomaly with much lower maximum value (near 250-265) than in the single crystal. The transition temperature in the ceramics is observed at 325 K. These differences between the ceramics and the single crystal dielectric properties are due to the grain size effect. In the ceramic sample, the average grain size is smaller than 1 µm. So, for the Sn 2 P 2 S 6 ferroelectric, as in the case of other ferroelectric compounds [1] [2] [3] [4] , when the grain size decreases, the dielectric anomaly during the phase transition becomes broad, the maximum of the dielectric constant at T 0 decreases, and the transition temperature shifts down.
Monte Carlo simulations of the size effect
For the research of PTs in microcrystals an ANNNI (axial next nearest neighbour Ising) model is widely used [14, 15] . In the framework of this model such effects as the dependence of temperature of the bulk PT between the ferroelectric and paraelectric phases on the size parameter of a model lattice, the effect of the microscopic sample surface on the phase transformations were demonstrated. We use here the ANNNI model in order to relate a known abstract model to an actual phase diagram of microcrystals such as Sn 2 P 2 S 6 . We shall link an effective dipole to a molecular group of atoms Sn 2 P 2 S 6 (four such groups are marked in figure 3 by ellipses), its electrical dipolar moment being directed along the a axis. From the scheme of concurrent interactions in the framework of the ANNNI model we determine the interactions in our model. They are represented by coefficients J 0 > 0 -between the dipoles located on the a axis, J 1 > 0 -between the nearest adjacent dipoles, J 2 < 0 -between the nearest dipoles with negative interaction. For simplicity we assume J 0 = J 1 = 1.
Contrary to the earlier work [14] where the phase diagram of the ANNNI model for a cubic lattice was obtained by the mean-field method, here we specify the coefficients of the adapted ANNNI model more exactly with respect to the Sn 2 P 2 S 6 crystal lattice. We have constructed an exact phase diagram in the vicinity of the Lifshitz point by a Monte Carlo (MC) method ( figure 4) .
The boundary conditions used for the calculations deserve special consideration. For the simulation of the bulk crystal we have used periodic boundary conditions (PBC), for the microcrystals -free boundary conditions.
The coefficients for the Sn 2 P 2 S 6 model can be evaluated by the comparison of the experimental diagram of Sn 2 P 2 (S 1−x Se x ) 6 solid solutions [5, 13] with the calculated one, shown in figure 4 , and using the proportionality of J 2 and x. For x = 1 (Sn 2 P 2 Se 6 compound) the temperature width of the incommensurate (IC) phase is (T i − T c )/T i ∼ 0.13 and at x = 0.28 (Lifshitz point) the IC phase disappears. Hence, J 2 = −1.05 for x = 0 is determined.
We have performed a series of numerical tests within the ANNNI-adapted model with the obtained parameters for various sizes of the Monte Carlo cell, the results being shown in figure 5 . Temperature is usually characterized by the effective temperature T ef = abckT /M 2 0 where a, b, c are the unit cell parameters, k is the Boltzmann constant, M 0 is the effective dipolar moment, related to the dipolar moment µ as µ = M 0 m j , m j = ±1 are the Ising variables. As it is seen in figure 6 , the calculated effective temperature T c−ef of the ferroelectric-to-paraelectric phase transition increases with the size parameter with subsequent saturation, obtained within the model with PBC, i.e. the models for bulk Sn 2 P 2 S 6 . These results are in a qualitative agreement with the experimental data [6] .
ANNNI is a well studied theoretical model. The fact that this model has been applied to Sn 2 P 2 S 6 crystal, enables a number of properties, predicted by this model, to be foreseen for the material under investigation. For example, the ANNNI model predicts a surface PT in Sn 2 P 2 S 6 . In [15] the phase diagram with surface interaction coefficients was calculated by a cluster algorithm. This approach can be used for the search of surface PT in Sn 2 P 2 S 6 thin films.
Conclusions
The performed experimental and theoretical studies have shown the fundamental properties of Sn 2 P 2 S 6 ferroelectric to vary in case the crystal size parameter decreases from bulk to microcrystalline samples. The downward shift of Raman peak frequency, accompanied by the band broadening and asymmetry, is observed in the spectra of microcrystalline Sn 2 P 2 S 6 powder. The theoretical calculations, performed in the ANNNI model for Sn 2 P 2 S 6 microcrystals of different size, predict the decrease of the ferroelectric phase transition temperature with the decrease of the microcrystal size parameter.
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